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Abstract—in this paper, a realistic, accurate, versatile, and the insufficient accuracy in the static method based on contin-
thermal-free complex behavior test bed suitable for third-gen- yous wave (CW) signal sweep in the case of varying envelop

eration power-amplifiers characterization is proposed. Using «; ; ; it
this approach, a 90-W peak power amplifier based on Mo- signals. However, a nonlinearity characterization method [2],

torola-LDMOS class-AB transistors was measured under several exploitingl the S_im"arity betv‘_’een a two_'tone test and a binary
signal excitations such as W-CDMA, CDMA2000, and eight-tone Phase-shift keying (BPSK) signal test, indicated dependency of
signals. The results obtained show noticeable discrepanciesthe nonlinearity model on the data rate of the signal applied to
compared to those measured using vector network analyzer the input of the power amplifier. Moreover, it has already been

(HP-8510C) for both AM/AM and AM/PM curves. This testbed gy [3] that there is a significant difference between pulsed,
was also used for the investigation of the memory effect in RF

power amplifiers. In Section Il of this paper, the characterization multitones, "?I,nd CW measurements when applied to an LDMOS
results obtained by the test bed were used to design a digital Power amplifier.

predistorter for an LDMOS amplifier. A baseband predistortion Therefore, the measured results depend strongly on the input
accurate synthesis algorithm is presented. Indeed, a memorylesssignal. This indicates that it is essential to characterize the power

baseband digital predistorter lookup table was directly synthe- i it _i i -
sized using the measured AM/AM and AM/PM curves without amplifier, in conditions as close to real-life operation as pos

any need to perform additional analytical derivations and/or sible, to be able to predict 'tS, distortions with at_:curacy.
numerical optimizations. The predistorter synthesis procedure re- T he benefits of such precise HPA characterization are espe-
quires only one iteration, contrary to previous works, which need cially useful for an accurate HPA's linearizer synthesis. Several
several iterations to obtain similar performances. This constitutes |inearization techniques such as predistortion, feed-forward,

an important contribution to the digital predistortion technology. — cartesian feedback, envelope elimination and restoration
The measurement results, under different signal excitations such !

as CDMA2000, multitones, etc., show great improvement of (EE&,R) ar_e used to realizeatrade_off between powgrefﬁgiency
the out-of-band spectrum regrowth at the high-power-amplifier and linearity of the HPA under high varying amplitude input
output. signals. The digital baseband predistortion technique is per-
Index  Terms—Distortion, measurements, memoryless Ce€ived to be the most suitable and cost-effective linearization
pre-distortion, microwave power amplifier, third-generation technique in the context of 3G wireless signals. This technique

(3G) applications. takes advantage of the advances of high-speed digital-signal
processors and field-programmable gate array (FPGA) tech-
. INTRODUCTION nology.

B o Reference [4] proposed a memoryless baseband mapping pre-
H IGH-POWER RF amplifier characterization and modgistorter that maps the lookup table (LUT) content in the com-

I eling has been a subject of study over the last few yeaggex plane. In spite of the low computational load, the iterative
This is mainly driven by the need of a precise behavior modeligorithm presented for table entry updating has several draw-
which represents the nonlinearity of the high power amplifieggacks. In fact, the algorithm performances in term of conver-
(HPAs) and linearizers. This necessity is overwhelming ifence suffer from the dependency on the power output backoff
the new wireless communications applications, where powg#d from the sensitivity to the phase-shifter precision used in the
amplifiers are derived by wide-band digital modulated signajgedback loop. Moreover, the large number of table entrie% (10
with high peak-to-average power ratio such as third-generatiggmplex values) implies a slow convergence, especially in the
(3G) applications signals. _ case of channel switching that imposes a reconvergence. Refer-

Mouthropet al. [1] have presented a dynamic measuremeghce [5] proposed a gain-based predistorter that uses a one-di-
method based on two-tone intermodulation calculation to Sol4gansional LUT indexed by the instantaneous input power. In

such a way, the number of table entries was greatly reduced and,

Manuscript received April 05, 2002; revised August 1, 2002. This work w3y consequence, so was the convergence time. The table entry
supported in part by the Natural Sgiences and Engine_ering Research C‘?Qﬂﬁblating was performed using a Secant adaptation method that
of Canada. The work of S. Boumaiza was supported in part by the Tums'aerforms uicker convergence then the linear method used in
University Mission, Montreal, QC, Canada. p q - ; g : : )

The authors are with the Poly-Grames Research Center, Electrifd]. However, this algorithm implies a more computational load
Engineering Department Ecole Fo'ytef’h”'qll‘)e de gontréa'v 'IV'O”IUé%{nd italso suffers from the dependency of its convergence speed
QC, Canada H3V-1A2 e-mail: oumas@grmes.polymtl.ca; . . .
fadhel@grmes.polymtl.ca). on the output power and especially near saturation power region.

Digital Object Identifier 10.1109/TMTT.2002.805139 Reference [6] used out-of-band power detection and averaging

0018-9480/02$17.00 © 2002 IEEE



BOUMAIZA AND GHANNOUCH]I: REALISTIC POWER-AMPLIFIERS CHARACTERIZATION 3017

The overall small-signal gain of this lineup is 58 dB. The HPA
peak output power at 1-dB gain compression is approximately
49 dBm.

,,,,,,,,,,, 4 o BEE
Dri MRF19045 MRF19085
river B. Test Setup
Fig. 1. 90-W peak power-amplifier line up. Fig. 2 shows the proposed test-bed configuration. It in-
cludes the vector signal generator (SMIQ) in combination

at the HPA output for adaptive adjustment of the coefficients #fith in-phase/quadrature (1/Q) modulation generator (AMIQ).
the two polynomial functions that interpolate the HPA invers@oftware used to generate the test signal is WinlQSIM (version
nonlinearity. The adaptive algorithm used in this technique bd-6) from Rohde and Schwarz and Advanced Design System
longs to the direct search algorithms family that suffers from tHgom Agilent Technologies. In fact, a CDMA-2000-SR3 (direct
low speed of convergence. spread) signal is first synthesized with the ADS CDMA2K
In conclusion, all previously sited studies use iteratiérary. The synthesized signal, with a crest factor equal to
methods for the predistorter adjustment to take in to accothf9 dB, is then uploaded to the AMIQ. The up-converted
the HPA behavior variations. Even though they use differeAtitput signal of the SMIQ is then fed to the HPA for char-
adaptation techniques, they all suffer from their slow conve®cterization purposes. The SMIQ-B47 option that consists of
gence, in the context of 3G signals, since the table entries &aseband filters is used for an enhancement of the generated
adjusted one by one iteratively. Moreover, adaptive techniquéignals adjacent-channel power ratio (ACPR). Fig. 3 shows
using third- or fifth-order polynomial functions for the predisthe double-channel down-converter used to translate input and
torter implementation are insufficient to accurately model tHeutput signals to an IF. The down-converter has to be designed
optimal predistorter function, especially in the case of class-Agrefully in order to get the quasi-same complex mixing
amp"ﬁers_ These previous methods are not suitable for gfgnction in the two paths. Moreover, an external IF calibration
wide-band signals since they will require very high-spee®@y be applied to compensate for the frequency-translating
signal processors and may be difficult to realize in practicélévices unbalance effects between the two paths. The IF1 and
Contrary to these approaches, [7] presented a first attemptftg outputs of the down-converter feed the two baseband chan-
design an adaptive baseband/RF predistorter using AM/AM!s of the vector signal analyzer (VSA) 89610B. A 20-MHz
and AM/PM based on instantaneous HPA characterization. |fn frequency is chosen in order to exploit the full 40-MHz
this paper, a comprehensive and complete measurement-b&sgtfiwidth of the VSA. A laptop in this test bed is used to run
predistortion synthesis technique is performed in one iteratioffie vector signal analysis software for the acquisition of the
This paper presents an automated, precise, and versatile t&gtchannel baseband waveform signals. It also serves to cap-
bed to characterize HPAs feed with a wide-band signal suchtdge the complex modulated signals at the input and output of
WCDMA and CDMA2000 (SR3). The characterization resulté1e power amplifier. The delay calibration function of the VSA
obtained are directly used to synthesize a digital baseband pfeexploited to compensate for the time lag between the two
distorter in just one iteration without any need to perform arfjhannels caused by the group delay of the device-under-test.
additional calculations for the HPA modeling and/or predistor- The characterization carrier frequency band of the test bed
tion synthesis purposes. covers 200 MHz up to 3 GHz. This upper frequency can be
This paper is organized as follows. In Section I, we firsiurther extended to millimeter frequency by just changing the
present the line up of the HPA used for measurements, alofégcer used for down-conversion purposes.
with details of this new proposed test bed. Following this, we an-
alyze the results obtained from this test bed and compare them
with those measured using a vector network analyzer (VNA) Using the proposed test bed, several measurements have
and a peak power analyzer (PPA). We will also present sofpeen made on the 90-W peak amplifier (20 W average). In
measurements highlighting the memory-effect phenomenonthe first step, we compared the measurements obtained using
the behavior of the amplifier. In Section IIl, we describe the dighe proposed test bed with those obtained utilizing a PPA and
ital predistorter synthesis and implementation procedures bagedNA. The signal used to derive the power amplifier for the
on AM/AM and AM/PM dynamic characterization of the HPA.experiment with the proposed test bed and the PPA is a forward
The linearized HPA shows relatively very good improvement dihk multicarrier (3x) CDMA 2000 signal with a 3.6864 Mc/s.

Measurement Results

the spectrum regrowth at its output. The peak-to-average power ratio of this signal, at 0.001%, is
12.75 dB. Fig. 4 shows a good agreement between the test bed

II. POWER-AMPLIFIER CHARACTERIZATION and PPA results in terms of the gain magnitude compression.

o Contrary to this, Figs. 4 and 5 demonstrate a significant differ-
A. Test Circuit ence of the gain magnitude and phase compression with those

A three-stage HPA for a wireless communication band abtained with a VNA power-sweep CW measurements. The
1930-1990 MHz was designed and built for the purpose of thegnilarity of the magnitude gain compression measurement
study, as shown in Fig. 1. Its final stage uses a 20-W averagem the PPA and proposed test bed is due to the fact that the
class-AB power amplifier (Motorola LDMOS MRF19085). Thetwo setups perform an instantaneous characterization of the
second stage is built on the LDMOS MRF19045 amplifier. THEPA. However, the phase information is absent in the PPA. The
first stage is used as a gain block to drive the two other stagdiscrepancies between VNA results and those obtained using
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The proposed test bed was also used to measure the com-
plex gain compression of the PA for different signal excitations.
In addition to the CDMA 2000 signal used in the previous ex-
periments, we derived the test circuit with a forwvard WCDMA
] signal of 3.84 Mc/s having a crest factor equal to 13.35 dB, as
B e B R T I well as with an eight-tone signal with 500-kHz spacing. Figs. 6

Power input (B and 7 show, respectively, the magnitude and phase compression
for the above three signals. We can observe the good agreement
Fig. 4. Gain versus input power measurements with a VNA with a CW signgdf the complex gain compression for the different excitations.
PPA, and the proposed test bed with a CDMA 2000 signal. The similarity of the power-amplifier behavior, when excited
by three signals, can be explained by their high common crest
the two previous methods are due to the long time sweepfattor. This crest factor implies a great variation of the signal
the VNA. In addition to this, the amplifier is not supposed tenvelope and, thus, a comparable operation condition.
support a high output power in the high nonlinearity region for This test has been used to study the memory effect in
a long time interval. This explains the high gain compressiqgrower-amplifier behavior as well. Usually, a two-tone signal
compared to the other results. The measured pgalg of the is used to characterize this phenomenon [8] and [9]. However,
test circuit obtained using the proposed test bed and the Pt/ signal cannot derive the power amplifier in the high
is approximately 49 dBm. However, the value obtained by thnlinearity region because of its low peak-to-average power
VNA is approximately 46.5 dBm. This shows the inaccuracy ohtio. To visualize and measure the memory effects due to
the traditional VNA gain compression measurements compaitbeé HPA, a phase-aligned eight-tone signal, having a crest
to instantaneous characterization results. factor of approximately 9 dB, is used. Real-time capture of

Gain (dB)

56 [

55 L

54 L




BOUMAIZA AND GHANNOUCH]I: REALISTIC POWER-AMPLIFIERS CHARACTERIZATION 3019

-—G- 2Tones 500KHD 50
—r— CDMAZ000 Ry
—— WCDNA P it
685 e T T 7 %
L R R i % .5°
58 B e o o A — ——— 1 -; -:.'
%\ L X ] ?' 40 w
g | y |k -
5575 [ \ o //
S ¥ 1 &35 [
57 | o
L 30
s I24l ‘ .22A l ‘20‘ ‘ ‘18‘ . ‘15, ‘ '14. , I12l . ‘10‘ B 8 242 0 36 42 0 8
Power input{dBrm) RFPower_in (dBm)

Fig. 6. Gain versus input power measurements for an eight-tone signal witg- 9. Output power versus input power for an eight-tone signal with 100-kHz
500-kHz spacing, CDMA2000 (SR3), and WCDMA. spacing.
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) ) ) ) Fig. 11. Output power versus input power for an eight-tone signal with
Fig. 8. Input and output waveforms for an eight-tone signal with 100-kHg00-kHz spacing.

spacing.

the waveforms at the input and output of the power HPA jgemory effect, which is mostly present at low-frequency
carried on. Several experiments took place at different tore2cNg [10].
spacings of the driving signal. Figs. 8 and 9 show the input and
output waveforms in the time domain of the power amplifier
derived with an eight-tone signal with 100-kHz spacing and the Given the obtained HPA characterization AM/AM and
output power versus input power for the same excitation signali/PM results, the predistorter function is then deduced in
respectively. At this frequency spacing, a hysteresis is cleajlist one step. Thus, the accuracy of the predistortion synthesis
observed. However, this phenomenon is not observed for @ehnique is directly linked to the accuracy of the instantaneous
eight-tone signal with a 500-kHz spacing, as shown in Figs. f@easured AM/AM and AM/PM characteristics. Fig. 12 illus-
and 11. Other measurements made for other frequency spacmages the bloc diagram of the gain-based predistorter employed.
reveal the presence of this phenomenon for a spacing frequekay. 13 shows the predistorter AM/AM and AM/PM curves im-

between 20-130 kHz. This can be explained by a thermakmented with the LUT indexed with the squared magnitude of

I1l. M EMORYLESSDIGITAL BASEBAND PREDISTORTION
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(b} the linearized HPA output. The same experiments are repeated
under a phase-aligned eight-tone signal with 500-kHz spacing
(9-dB crest factor). Fig. 15 shows the measured HPA output
signals spectrum with and without predistortion with a peak
the input signal. The validation of the synthesized predistortenvelope power equal to 49.3 dBm. As we can observe in
LUT is carried on using Agilent ADS software RF/digital signaFig. 15, the predistorter out-of-band improvement, in this case,
processing (DSP) simulation capabilities. ADS signal-generiga- much more important. Theoretically, the HPA linearized
tion libraries were used for signals syntheses. A single-carrimutput spectrum should be free from out-of-band emission as
forward-link SR3 direct-spread RC6 radio configuratioiits original input signal spectrum. The limit of the quality of the
CDMA 2000 signal is used for the first experiment herdinearization observed in the two experiments is due to three
Its crest factor equal is equal to 9.69 dB. The synthesizethin factors. The first is the nonnegligible memory effect in the
predistorter LUT was used to generate a predistorted versiorcase of an HPA. The second is the quantization error. The last
the synthesized signal. The predistortion function has impliésithe low-power-range distortion (small-signal gain variation)
an increasing crest factor. Thus, the predistorted signal, withaa class-AB operation. All these factors are not well taken
crest factor equal to 13.5 dB, is then uploaded to the AMIQ amato account in the predistorter implementation. The RF vector
the SMIQ to feed the power amplifier. Fig. 14 shows an HPfodulator impairments in the SMIQ vector signal generator
output signal spectrum with and without predistortion witlused for signals generation may contribute to the limit of the
an output peak envelope power equal to 49.3 dBm. The lattgrearization quality by introducing some distortion not taken
indicates significant reduction in the out-of-band emission &t to account.

Fig. 13. Predistorter AM/AM and AM/PM curves.
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IV. CONCLUSION [6] S. P. Stapleton and F. C. Costescu, “An adaptive predistorter for power
. . amplifier based on adjacent channel emissiolEEE Trans. Veh.
This paper has proposed an accurate complex-behavior Technol, vol. 41, pp. 49-56, Feb. 1992.

capture test bed suitable for the characterization of power’] E/_-\dG- Jeckgln, l;. Bcejfgéegar%.M- A. Sfawan, and F. Nll_.f_Ghanhnoucr;]i,
- g I “Adaptive baseban predistorter for power amplifiers throug
devices und_er realistic test conditions. The te_sft bed was Qsed instantaneous AM-AM and AM-PM characterization using digital
to characterize a 90-W peak LDMOS amplifier under dif- receivers,” inlEEE MTT-S Int. Microwave Symp. Djgol. 1, Boston,
ferent modulated bandlimited signals. This test bed allows the[8] yA+June§030, gp-,\il89—4§2k, 4 M. Park. M Cof
_ - : e : . Yang, J. Yi, J. Nam, B. Kim, an . Park, “Measurement o
thermal-free CharaCt_e,nzatlon of the amplifier Ove_r Its V\_IhOIe two-transfer characteristics of high-power amplifier$£EE Trans.
power range. In addition, memory effects can be investigated  Microwave Theory Techvol. 49, pp. 568571, Mar. 2001.
using the developed test bed. In Section I, the characterizatiori] J.H. K];Vuor']e""T- Rahkonen, and P MaFr{‘lr:“e”'"Measuﬁ.r;?é‘gec“'
. i - nique for characterizing memory effects in power amplifi
resul_ts have been u_sed as an input to the one |'_[erat|on SteP  Trans. Microwave Theory Techvol. 49, pp. 13831389, Aug. 2001
predistorter synthesis procedure proposed in this paper. Ao] J.s. Kenney, W. Woo, L. Ding, R. Raich, H. Ku, and G. T. Zhou, “The
memoryless baseband digital predistorter LUT was directly ir‘?;)actofmemoryeffectson predistortion IineariﬁatilonofRF powelram-
: : plifiers,” in Proc. ISMOT Int. Microwave Opt. Technol. Syrijontreal,
synthesged using the AM/AM and AM/PM measured CUIVES. ¢ Canada, June 19-23, 2001, pp. 339-343.
The predistorter synthesis procedure, in this study, was done in
only one iteration that constitutes an important enhancement
over previous published techniques that requires close-loop
operation and multiiteration convergence synthesis proce-
dures. The measured results, under different signal excitatic
(CDMA2000, multitones), show a great improvement of th

out-of-band spectrum regrowth at the HPA output.
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